residue, a helical residue (Ala16) buried in the hydrophobic core, has its full native interaction energy in the transition state. The only region of structure which is well developed in the transition state is the a-helix (residues 12 to 24). But, the interactions within it are weakened, especially at the C-terminal region. The rest of the protein has varying degrees of weakly formed structure. Thus, secondary and tertiary interactions appear to form concurrently. These data, reinforced by studies on the structures of peptide fragments, fit a ''nucleation-condensation'' model in which the overall structure condenses around an element of structure, the nucleus, that itself consolidates during the condensation. The high energy transition state is composed of the whole of the molecule making a variety of weak interactions, the nucleus being those residues that make the strongest interactions. The nucleus here is part of the a-helix and some distant residues in the sequence with which it makes contacts. The remainder of the protein has to be sufficiently ordered that it provides the necessary interactions to stabilize the nucleus. The nucleus is only weakly formed in the denatured state but develops in the transition state. The onrush of stability as the nucleus consolidates its local and long range interactions is so rapid that it is not yet fully formed in the transition state. The formation of the nucleus is thus coupled with the condensation. These results are consistent with a recent simulation of the folding of a computer model protein on a lattice which is found to proceed by a nucleation-growth mechanism. We suggest that the mechanism of folding of CI2 may be a common theme in protein folding whereby fundamental folding units of larger proteins, which are modelled by the folding of CI2, form by nucleation-condensation events and coalesce, perhaps in a hierarchical manner.
Introduction
Protein folding is the process by which a protein progresses from its denatured state to its specific biologically active conformation. It has been proposed that this process has to follow a specific pathway or set of pathways in order to fold in a finite time (Levinthal, 1968) , and several different models have been suggested to describe the reaction. According to the hydrophobic collapse model, folding is initiated by burial of hydrophobic side-chains (Dill et al., 1993) . The driving force for folding is visualised as the squeezing out of water from a rapidly formed hydrophobic core within which secondary and tertiary structure is subsequently formed. According to the jigsaw puzzle model (Harrison & Durbin, 1985) , however, there is no preferential starting point for folding, and each folding attempt may follow a different path. Recent computer simulations based on lattice models support this idea (Sali et al., 1994) . Other models envisage pre-formed secondary structural elements diffusing together in collision, and stabilizing each other by local docking rearrangements; the rate-limiting step has been proposed to be variously diffusion (the diffusion-collision-adhesion model; Karplus & Weaver, 1976 or docking (the framework model; Ptitsyn, 1973 Ptitsyn, , 1991 Kim & Baldwin, 1990 ) of these secondary elements. These latter models can be distinguished from an early nucleation model (Wetlaufer, 1973) , in which the earliest structures are proposed to be formed by a slow random search followed by rapid growth and coalescence into the native folded structure.
Ultimately, the folding pathway of a particular protein is defined when all conformational states of the pathway, including the denatured state, possible intermediates, the major transition state and the native state, as well as their rates of interconversion, are known in detail at the level of individual residues (Fersht, 1993) . Owing to the small difference in stability between the folded and unfolded form of a protein and the crudity of currently available potential energy functions, it is difficult to use computer calculations to predict the stability of a specific protein conformation, let alone the feasibility of different pathways, with confidence. It is necessary, therefore, to gather a large experimental database on the stabilizing features of protein structure, and to monitor these interactions, in structural and energetic terms, during folding. This laboratory employs a procedure (''the protein engineering method'') for studying the structure of transition state and unstable intermediates at the level of individual residues by making kinetic measurements on the folding and unfolding of mutant proteins, and relating the changes in rate constants to the changes in equilibrium constants on mutation (Matouschek et al., 1989 Fersht et al., 1992; Serrano et al., 1992a; Fersht, 1993 Fersht, , 1995a . The principle of the method is that the change in stability of the protein on mutation (DDG F-U ) is measured, as is also the change in stability of the transition state for folding (DDG ‡-U ), and the two values are compared. If the region of the protein at the site of mutation is as folded in the transition state as in the final folded structure, then DDG ‡-U = DDG F-U . If that region is as unfolded as in the denatured protein, then DDG ‡-U = 0. The ratio of the two energies, DDG ‡-U /DDG F-U , is defined as F F , which varies from 0 for the example of being completely denatured in the transition state to 1.0 for being completely folded. The large scale application of this procedure to a protein is a major undertaking, which can be simplified by working with small monomeric proteins, especially those that have minimal residual structure in the unfolded state. The method has been employed in depth to the analysis of barnase, a small ribonuclease, which folds via a metastable folding intermediate (reviewed by Fersht, 1993) .
Here, we present a detailed description of the transition state for folding of the 64-residue monomeric protein chymotrypsin inhibitor 2 (CI2). The folding of CI2 is simplified by the lack of disulphide bridges and cis-peptidyl-prolyl bonds in the native state. Its native structure is known in the crystal state (McPhalen & James, 1987; Harpaz et al., 1994) and in solution (Ludvigsen et al., 1991) . The protein consists of a single domain (or module) that does not have readily discernible substructures that make interactions primarily within themselves. Previous studies have established that the folding and unfolding of wild-type CI2 and a range of mutants conform to a single two-state model under both equilibrium and non-equilibrium conditions (Jackson & Fersht, 1991a,b; Jackson et al., 1993a,b) . In particular, the ratio of rate constants for unfolding and refolding give the correct equilibrium constant for unfolding (Jackson & Fersht, 1991a; Jackson et al., 1993b) . This does not mean that there are no folding intermediates in the pathway but simply that any such intermediates are not significantly populated at equilibrium or during the approach to equilibrium. There is thus a single rate-determining transition state for both unfolding and refolding (for a discussion of transition states in protein folding see Fersht, 1995a) . A thermodynamic characterization of the transition state for folding/unfolding of CI2 indicates that 75% of the total decrease in heat capacity, DC P , between denatured and native states occurs on going from the denatured to the transition state, and this indicates a significant burial of hydrophobic side-chains in the transition state (Jackson & Fersht, 1991b) . This is consistent with the large positive enthalpy of activation of folding at lower temperatures. The occurrence of simple two-state kinetics has the important consequence that the single rate-determining transition state can be studied in the direction of both refolding and unfolding.
A preliminary description of this transition state, derived from the protein engineering method, showed a structure that is like an expanded form of the folded structure in which most interactions in the protein have been greatly weakened . The major element of structure that is best, but not completely, formed energetically is the single a-helix. This contrasts with the structure for the major transition state for the folding of barnase, which has many elements of structure either fully formed or fully denatured (Fersht, 1993) . It was proposed that the folding of CI2 is representative of the folding of a single module protein and is, perhaps, a model for the folding of a domain (module) in a larger protein. The small size of CI2 makes it an attractive target for computer simulations, and the first such work on the transition state for folding/unfolding gives results in agreement with experiment (Li & Daggett, 1994, and unpublished data) . Since it is likely that the folding of CI2 will be used to benchmark and refine continuing theoretical studies on protein folding, it is necessary to define the structure of the transition state of CI2 with precision and present it in detail. It is important to obtain as much data as possible for this process, especially as any one single mutation does have the possibility of intrusion from artifacts. We now report an extensive set of experimental data, including double mutant cycles and the recently introduced Ala : Gly scanning procedure (Matthews & Fersht, 1995) , to delineate in detail the transition state for the folding of the barley chymotrypsin inhibitor, analysed from both folding and unfolding kinetics. The structure of the transition state points towards a mechanism for the folding, namely nucleation-condensation.
Results
CI2 has been shown to follow the two-state model of protein folding, under both equilibrium and non-equilibrium conditions (Jackson & Fersht, 1991a; Jackson et al., 1993b) , i.e. it has only one kinetically significant transition state. Data analysis has been described in detail previously (Jackson et al., 1993a,b) , and is briefly summarised here.
GdmCl equilibrium denaturation
It is usually assumed that there is a linear relationship between the free energy of unfolding in the presence of GdmCl (abbreviated here to D) and the concentration of denaturant (Tanford, 1968; Pace, 1986) :
where DG D U-F is the free energy of unfolding at a particular denaturant concentration, D, DG H 2 O U-F is the free energy of unfolding in water, and m U-F is a constant that is proportional to the increase in the degree of exposure of the protein on denaturation. From equation (1), it is apparent that at [D] 50% , the concentration of GdmCl at which 50% of the protein is denatured, DG 
The denaturation curves were fitted to an equation, derived from (2) above (Clarke & Fersht, 1993 
where m U-F is the average value of m, obtained from measurements on all the mutant proteins of 1.90(20.03) kcal/mol −1 M −1 (n = 124, including unpublished mutants). The use of a mean value of m U-F allows calculation of the change in the free energy of unfolding on mutation with a low standard error. Equation (3) (1) breaks down but there is a small curvature in the plots that is the same for each mutant (Matouschek et al., 1994) .
A value of DDG U-F can also be calculated using the individual m values:
where DG H 2 O U-F and DG ' H 2 O U-F are the free energies of unfolding in water for wild-type and mutant, respectively, or at any denaturant concentration using the more general equation: (Clarke & Fersht, 1993) . The relative merits of these three methods for calculating DDG U-F and the errors of the resulting values have been discussed in detail previously (Jackson et al., 1993a) .
, however, has the smallest errors and, for mutations in the hydrophobic core of CI2, shows the best agreement with DDG U-F measured directly in water by calorimetry (Jackson et al., 1993a 
Unfolding kinetics
Plots of the natural logarithm of the rate constants of unfolding against the final GdmCl concentration are linear, within experimental error over the experimentally accessible range of concentrations, conforming to the equation:
where k u is the rate constant of unfolding at a given GdmCl concentration, k
is the rate constant of unfolding in water, m ku is the slope, and [D] is the is defined as DGU-F (wild type) − DGU-F (mutant).
c From Jackson et al. (1993a) .
d From elMasry & Fersht (1994) . e From Otzen & Fersht (1995) . f From Jackson & Fersht (1994 The stability of the transition state of the mutant protein relative to that of the wild-type protein is calculated from the unfolding kinetics from the equation:
where DDG ‡-F is the difference in energy of the transition state of unfolding relative to the folded state between wild-type and mutant, and k u and k' u are the rate constants of unfolding for the wild-type and mutant, respectively. The values of DDG ‡-F are given in Table 2 . Jackson & Fersht (1991b) have shown that there is a series of slow refolding phases that arise from cis-trans isomerisation of peptidyl-prolyl bonds. The analysis of energetics and pathway in this study concerns only the major fast refolding phase of the all-trans peptidyl-proline from of the unfolded state to the all-trans folded state that accounts for approximately 70% of the total amplitude.
Refolding kinetics
Plots of the natural logarithm of the rate constants of folding against the final GdmCl concentration are linear, conforming to the equation:
where k f is the rate constant of folding at a given GdmCl concentration, k
is the rate constant of folding in water, m kf is the slope, and [D] is the final GdmCl concentration. ln k
and m kf for all mutants are given in Table 3 .
The stability of the transition state of the mutant protein relative to that of the wild-type protein is calculated from the folding kinetics, in a similar manner to the analysis of the unfolding data, using the equation:
where DDG ‡-U is the difference in energy of the transition state of unfolding relative to the folded ). b From Jackson et al. (1993b) . c From Jackson & Fersht (1994) .
state between wild-type and mutant, and k f and k' f are the rate constants of folding for the wild-type and mutant, respectively. The values of DDG ‡-U are given in Table 3 .
Analysis of two-state behaviour
The complete kinetics of folding and unfolding can be fitted to the equation (10), which is derived from equations (6) and (8), and based on a two-state transition:
For wild-type and the mutants, the kinetic data for unfolding and refolding fit well to this model (see Jackson et al., 1993b for representative curves). The values k
, m U- ‡ and m ‡-F obtained from this equation can be used to calculate equilibrium parameters, and can then be compared with those obtained directly from equilibrium measurements (Table 1) . DG H 2 O U-F can be calculated from the kinetic data using the ratios of the unfolding and refolding rate constants (Jackson et al., 1993b) .
[D] 50% can be calculated from kinetic experiments, using the equation:
We have determined m kf between 0 and 0.6 M GdmCl, and also from 0.5 M GdmCl through the transition region. There are, on average, slightly higher values of m kf for the range 0 to 0.6 M than calculated from the linear regions of the plots of ln k f versus [GdmCl] for the higher concentrations, indicative of slight curvature in the plots of ln k f versus [GdmCl] . Slight curvature in plots of DDG U-F versus [GdmCl] for protein denaturation has been noted by Santoro & Bolen (1992) There is a virtually perfect fit to a two-state mechanism for [GdmCl] 0.5 M, and an acceptable fit over the whole range. The slight positive 
, where kf and k' f are the rate constants of folding in water for wild-type and mutant, respectively, measured from pH-jump experiments (in s −1
). c From Jackson et al. (1993b) . d From Jackson & Fersht (1994). deviation in m kf at lower [GdmCl] is not due to the two-state mechanism becoming three state, since the presence of an intermediate leads to a lowering of m kf , as illustrated for barnase by Matouschek et al. (1990) . Instead, the deviation is likely to result from a genuine non-linearity of response of free energy to [GdmCl] , as demonstrated by Santoro & Bolen (1992) . The value of m kf is not used in any of the calculations used for analysing the transition state in this study; the only experimental quantities used are: k
, which is measured directly in water; k 4M u , which is obtained by a short extrapolation; and DDG
, which has been checked by differential scanning calorimetry. In other studies, where we wish to see how m kf changes on mutation, we prefer the data set determined for 0 to 0.6 M GdmCl, since it measured the more precisely, and systematic deviations tend to cancel out during comparisons.
The protein engineering method
The procedure we use for studying folding pathways by protein engineering has been discussed extensively elsewhere Fersht, 1993 Fersht, , 1995a . Briefly, a suitable side-chain interaction is truncated by mutagenesis and the resulting mutant characterized by equilibrium denaturation and kinetic unfolding and refolding experiments to determine the extent of this interaction at different stages on the folding pathway. The interaction is determined by the following ratio:
where DDG ‡-U is the change in free energy of folding of the transition state on mutation, and DDG F-U is the change in equilibrium free energy of folding on mutation. A F F of 1 shows that the transition state is disrupted by mutation by the same energy as is the fully folded protein and so indicates complete formation of native structure in the transition state, while F F = 0 shows that the transition state is as insensitive to mutation as is the fully denatured state and so is indicative of complete lack of native structure in the transition state. Fractional F-values can be difficult to interpret for several reasons. They can arise if a protein folds by parallel pathways, in which parts of the protein are native-like in the transition-state of one pathway (i.e. F F = 1) but unfolded in the transition-state of another pathway (i.e. F F = 0). However, CI2 was shown recently to fold along a single pathway involving one or at the Figure 1 . Plot of the concentration of GdmCl required for 50% denaturation of CI2 calculated from the ratio of kinetic rate constants (equation (11)) against that measured by equilibrium denaturation, showing the excellence of the fit to two-state kinetics. most a closely related set of transition states .
Analysis of fractional F-values can also be complicated by factors such as access of water to the site of mutation. This influences the observed F-value by introducing solvation energy terms during the folding reaction. In the case where water does not enter the site of mutation, there may be a more linear relationship between the F-value and the extent of formation of non-polar interactions . Double mutant cycles allow us to focus on the specific interaction between two residues in which the effect of surrounding residues and solvent interactions tend to cancel out (Horovitz & Fersht, 1990; Fersht et al., 1992) . Interactions of individual moieties within a side-chain can be probed during folding by making a series of mutations at a single site Serrano et al., 1992a) . For example, the series of mutations Val : Ala : Gly allows us to attribute structure formation to each of the C b , C g1 and C g2 methyl(ene) groups.
Choice of mutation
Our approach for designing mutations is as follows. The pseudo-wild-type crystal structure of CI2 (Harpaz et al., 1994) is examined for side-chain atoms that probe a particular structural interaction. The ideal mutation, which has been termed ''non-disruptive'' , deletes only a small part of the side-chain, removing defined interactions without introducing new ones, altering the stereochemistry or perturbing the structure. Thus it acts as a probe of the folding pathway. Our favourite mutations are: Ile : Val : Ala :Gly; Thr : Ser; Ser : Ala; Tyr : Phe. When in doubt, we mutate larger side-chains to Ala.
Since F-value analysis monitors formation of interactions of side-chains, it is not a direct measure of the extent of secondary structure formation, but F-values can probe the consequences of formation of secondary structure. We have made, for example, a series of mutations at sites in the a-helix and in the b-sheet where the side-chain makes interactions almost exclusively within the secondary structural element, and thus the F-values which we obtain at these sites are an indirect probe of the formation of secondary structure interactions. In addition, we have made mutations at side-chains whose interactions are predominantly tertiary, for example within the core and the minicore. The results should, therefore, provide us with a very comprehensive picture of the transition state in the folding pathway of CI2.
Structure of CI2
The secondary structure of CI2, defined from an NMR analysis of the solution structure (Ludvigsen et al., 1991) and in agreement with the crystal structure of the mutant EA14EA15 (which we call the pseudo-wild-type, Harpaz et al., 1994 ) is as follows ( Figure 2 ): residues 3 to 5, b-strand 1; 5 to 8, type III reverse turn; 8 to 11, type II reverse turn; residues 10 to 11, b-strand 2; residues 12 to 24, a-helix; residues 25 to 28, type I reverse turn; 28 to 34 b-strand 3; 35 to 44 reactive site loop (extended structure); residues 45 to 52, b-strand 4; residues 52 to 54, turn; residues 55 to 58, b-strand 5 and residues 60 to 64, b-strand 6. The numbering is based on the truncated version of CI2 lacking the first 19 residues found in the original CI2. These residues are devoid of fixed structure and their removal does not change the folding properties of CI2.
The b-sheet packs against the a-helix to form the hydrophobic core. The reactive-site loop projects out from the other side of the b-sheet, in an extended conformation. In contrast to the hydrophobic character of the interface of the b-sheet with the a-helix, the other side of the sheet forms an extensive network of hydrogen bonds and electrostatic interactions with the reactive-site loop.
a-Helix
The a-helix runs from 13 to 23 according to F and C angles (Li & Daggett, 1994) , but we use the definition of caps by Richardson & Richardson (1988) to designate Ser12 as the N-cap of the helix and Lys24 as its C-cap. The a-helix consists of three turns and is somewhat irregular in its geometry. From the crystal structure (McPhalen & James, 1987) and from the recent higher-resolution crystal structure of the pseudo-wild-type (Harpaz et al., 1994) , it appears that some of the main-chain NH-CO hydrogen bonds are longer than is usual for an a-helix, while others are not formed at all.
These are NH18-CO14, NH19-CO15, NH22-CO18 and NH23-CO19. The N-cap of the helix at position 12 is occupied by a Ser residue. The OH group of the side-chain of Ser12 makes a hydrogen bond with the main-chain NH group of residue 15 (N-cap + 3) and with a water molecule. This end of the helix is very solvent-exposed, with many strong hydrogen bonds between main-chain CO and NH groups and water molecules. On the buried side of the a-helix, there are four hydrophobic residues (Val13, Ala16, Val19, Ile20) which pack against the b-sheet to form the hydrophobic core. On the solvent-exposed face are residues Lys17, Lys18, Leu21 and Gln22. The C-cap at position 24 is occupied by a Lys residue, followed by an a-helix stop at Pro25. This end of the helix is much less solvated than the other, with the C-cap almost completely buried.
b-Sheet
The six-stranded b-sheet of CI2 is classified as a pseudo-b-sheet because the components of the main pair of strands (strands 3 and 4) are joined by a b-bridge (the two b-sheet hydrogen bonds Ala58-Phe50 and Gly64-Arg46) to the other strands. The two parallel strands 3 and 4 (28 to 34 and 45 to 51) form the main body of the b-sheet, displaying a regular b-strand hydrogen bond pattern. Shorter segments of anti-parallel structures are formed between 55-57 in strand 5 and 11-13 in strand 2, 56-58 in strand 5 and 50-52 in strand 4, 62-64 in strand 6 and 46-48 in strand 4 as well as between 61-63 in strand 6 and 3-5 in strand 1. The b-sheet shows deviation from canonical structure in that an array of ordered water molecules are observed in the crystal structure which mediate hydrogen bonding between strand 4 and strand 6. These bridging water molecules are not visible in the solution structure determined by NMR (Ludvigsen et al., 1991) , where the backbone of Arg48 forms a hydrogen bond with that of Gly64 directly, rather than by bridging water molecules seen in the crystal structure. A recent molecular dynamics study (Nanzer et al., 1994) demonstrates the dynamic nature of the b-sheet structure of CI2: the hydrogen bond between the N-H of residue 48 and the C = O of residue 64 is present only some 20% of the time. The hydrogen bonding between two strands comprising residues 28 to 30 (strand 3) and 45 to 47 (strand 4) as well as residues 3 to 5 (strand 1) and 61 to 63 (strand 6) was also shown to be mobile: part of the time they form a four-stranded b-sheet in the core, and part of the time the strands move apart to form hydrogen bonds with nearby water molecules (Nanzer et al., 1994) .
Hydrophobic cores
The hydrophobic core is formed by packing of one face of the a-helix onto the b-sheet, and consists of 12 hydrophobic residues, namely Trp5, Leu8, Ala16, Val19, Ile20, Ala27, Ile29, Val47, Leu49, Val51, Ile57 and Pro61. The core buries almost 1900 Å 2 of surface, and exposes only 133 Å 2 to solvent. In addition, the side-chains of residues Leu32, Val38 and Phe50 form a hydrophobic pocket near one end of the reactive loop, on the other side of the b-sheet relative to the hydrophobic core. This cluster is more solvent-accessible than the main core, burying 425 Å 2 and exposing to solvent 133 Å 2 of hydrophobic surface area. We call this cluster the minicore. These three residues are highly conserved among different members of the inhibitor family to which CI2 belongs.
Turns and ends
Hydrogen bonds are prominent in the turns and in the terminal residues of CI2. While the free amino group of Met1, an artifact of the truncated construct which we are studying, does not link to any group, the N z atom of Lys2 is bonded with O e2 of Glu7, and this interaction (or the intra-residual hydrogen bond between O e1 and N of Glu7) may contribute to the stability of the turn after b-strand 1. The pK a of Glu7 is lowered from 4.3 to 3.1 (B. Davis & A.R.F., unpublished). In the reactive site loop, the backbone of Val34 and Gly35 forms a small bulge out of the loop, and this appears to be stabilized by a hydrogen bond between O g1 of Thr36 and the carbonyl oxygen of Pro33. At the other end of the loop, Arg43 and Asp45 form two hydrogen bonds between their respective side-chains. The charged carboxyl group of the C-terminal Gly64 forms a strong hydrogen bond with N H2 of Arg46. In addition, N e of Arg46 also hydrogen bonds with the O of Gly64. Finally, there is a very extensive hydrogen-bonding network in the b-hairpin loop joining b-strands 4 and 5, where the side-chain O d1 of Asp52 forms simultaneous hydrogen bonds with the amides of Leu54 and Asn56 (as well as Asp55 in the wild-type crystal structure). This network decreases the pK a of the side-chain from 3.9 to 2.7 (B. Davis & A.R.F., unpublished).
Structure of the transition state

Relationship of F F and F U
The two-state nature of the folding kinetics of CI2 means that the strength of interactions in the transition state can be studied by kinetics directly from both directions of folding (F F from refolding kinetics in water) and unfolding (F U by extrapolating the unfolding kinetics to zero molar denaturant (water), where F U = DDG ‡-F /DDG U-F ), and thus provides us with independent means of verifying results and a means of checking some of the assumptions made in the analysis. For a two-state reaction,
The F-values obtained from these two approaches, F F and F U , respectively, are listed in From Jackson & Fersht (1993b) . e F-Values were not calculated for these mutants because DDG
from the concentrations of GdmCl over which the rates of unfolding were measured. 1 − F 4M U is accurate, being determined only from a small extrapolation from higher values of [GdmCl] , but is measured in 4 M denaturant. It is expected that there will be some perturbation of the structure of the transition state in 4 M GdmCl because of the presence of denaturant that stabilizes the denatured state of proteins. In particular, there should be a general effect according to the Hammond postulate (Hammond, 1955) , which states that as a state on a reaction pathway becomes destabilized, the transition state for its formation should move closer to it in structure. This postulate holds for protein folding (Matouschek & Fersht, 1993) and so it is likely that the structure of the transition state for protein folding moves closer to that of the folded protein with increasing concentration of denaturant, as has been found for barnase (Matthews & Fersht, 1995 , as expected. The differences are not sufficiently high to change radically the description of energies. Poorer agreement may result where there are smaller equilibrium destabilization energies in certain regions of the protein on mutation and the consequent large errors in the calculation of F-values, rather than deviation from the two-state behaviour.
The major assumptions of the protein engineering approach are that (1) the mutation does not alter the folding pathway, (2) the mutation does not significantly change the structure of the folded protein, (3) the mutation does not perturb the structure of the unfolded state, and (4) the target groups do not make new interactions with new partners during the course of the reaction . Evidence that these assumptions are valid for CI2 is provided by the observation of good agreement between F-values when different mutations are constructed at the same site. Thus, the overall formation of structure in the transition state parallels the formation of interactions between individual side-chains. We now describe the structures of individual regions of CI2 in the transition state, as elucidated from the protein engineering approach.
Hydrophobic core
Some of these results have been described previously (Jackson et al., 1993b) . The results for the major hydrophobic core of CI2 can be split into three categories: those mutations that result in a F F of close to zero, those mutations that result in fractional F F , and one mutation that results in a F F of 1. The residues with low F F (between 0 and 0.2) are located on the edge of the core, in turns or at the beginning or end of a b-strand. These include the following mutations: Leu : Ala8, Val : Ala47, Ile : Ala57, Pro : Ala61, in b-strand 6. The residues with fractional values of F F (between 0.3 and 0.55) are all located in the centre of the core, either in the a-helix or in the centre of a b-strand. These include the following mutations: Ile : Val20, Ile : Val29, Ile : Ala29, Leu : Ala49, Val : Ala51, Ile : Ala29/Ile : Val57. Val : Ala19 has a negative F F -value, suggesting that the side-chain of Val19 makes more contacts, some of them non-native, in the transition state than in the native state. There must, therefore, be some structural rearrangement on going from the transition state to the native state. Ala16, in the second turn of the a-helix, is completely buried and probes interactions with the first turn of the a-helix and b-strand 4. The mutation Ala : Gly16 has a F F of 1, a result which has not been found for any other residue of CI2, including the residues with which Ala16 interacts in the native state (Ile57, Leu8 and Leu49). However, while the mutation Ala : Gly16 very specifically probes the interactions involving just the methyl group (C b ), the mutations that have been made at the residues with which it interacts (Ile : Ala57, Leu : Ala8 and Leu : Ala49) delete several atoms and, thus, may obscure very specific atom-to-atom interactions during folding.
Minicore
All values of F F for mutations in the minicore are fractional, and most lie between 0.2 and 0.4. Fractional F-values are difficult to interpret because they may arise from a variety of effects. However, the rate constants for the 16 minicore mutants and wild-type protein fit beautifully to a Bro nsted plot of ln k f (or ln k u ) versus DG F-U /RT with a Bro nsted b-value (=RT1 ln k f /1DG F-U ) of 0.3. This uniform response of an element of structure to a large number of mutations is best explained by the structure having 30% of energy of interaction in the transition state . This interpretation is supported by analysis using double mutant cycles (Carter et al., 1984; Horovitz & Fersht, 1990 Fersht et al., 1992) . The coupling energy, DDG int , between two residues can be calculated from a double-mutant cycle. (The coupling energy between two residues is the energy change on mutating two residues simultaneously minus the sum of the change in energies on mutating them separately, and is the quantitative measure of the co-operativity of the two residues concerned in stabilising a structure). The coupling energy between two residues in the transition state may also be calculated from kinetics and manipulated to give a F-value, F int F , (Table 7, Horovitz et al., 1991; Fersht et al., 1992; Horovitz & Fersht, 1992) . Values of F int F also cluster around 0.3 showing that the co-operativity of formation over this region is about 30% of the energetics in the fully folded state.
The families of mutants constructed at single sites allow us to perform a fine-structure analysis, in which F F for specific parts of a single side-chain in Table 5 . Coupling energies for double mutants in CI2 Derived from double mutant cycles. The cycle indicated by KA2/EA7, for example, consists of wild-type, the single mutants Lys : Ala2 and Glu : Ala7 and the double mutant Lys : Ala2/Glu : Ala7. The coupling energy, DDG
where the subscript E − XY : E − Y indicates the mutant Lys : Ala21, E − XY : E − X indicates the mutant Glu : Ala26, etc. . DDG ‡-F int (H2O) and DDG ‡-F int (4 M GdmCl) are calculated from the values of DDG ‡-U in a similar manner . the transition state can be isolated Serrano et al., 1992a) (Table 5 ). The F F for composite mutation Val : Ala32 is higher than that for the composite mutation Ile : Val32, arguing that the C d methyl group is less structured (i.e. interacting with other atoms to a lesser degree) in the transition state than the two C g methyl groups. We cannot correlate this with the structure of the native protein, since the crystal structure has a Leu and not an Ile at this position. For the mutation Val : Ala32, the interaction of C g1 and C g2 with other residues in the transition state, as measured by F F H 2 O, is unchanged, within error, by the presence of other mutations such as at positions 38 and 50. In the case of the mutation Leu : Ala50, F-values vary between 0.23 and 0.42, depending on the presence of mutations at positions 32 and 38. Thus, these mutations subtly affect the structure formation at position 50 in the transition state.
The F-values for mutations in the minicore are not significantly larger or smaller than those at other sites in the protein. The minicore is not, therefore, a nucleation centre for folding via hydrophobic clustering, nor do tertiary interactions appear to form later than secondary interactions; tertiary interactions form in parallel with secondary structure interactions. The minicore interactions in the transition state are consistent with the overall structure of the transition state of folding of CI2 as an expanded loose version of the native state.
a-Helix
Folding of the a-helix of CI2 was probed with mutations at 12 of the 13 sites. Three of the a-helix residues, Ala16, Val19 and Ile20, are involved in the packing of the a-helix against the b-sheet to form the major hydrophobic core, and are described in detail under the hydrophobic core. The side-chains of the other sites mutated in the a-helix are all solvent-exposed, and make interactions almost exclusively with other helix residues only. They are all charged groups, with the exception of Leu21. Mutations were made to Ala and to Gly, at Ser12 (the N cap), Lys17, Lys18, Leu21, Gln22 and the C-cap, Lys24. All these mutations result in fractional F F -values. At positions 14 and 15, the Glu side-chain has been mutated to Gln and to Asp, both of which are conservative mutations. There is, however, considerable inconsistency in the values of F F for the different mutations at each of these two positions, which may indicate that these mutations cause some structural reorganisation in the folded protein, or that the folding/unfolding pathway is altered. However, it is more likely that the F F -values obtained for the mutations to Gln and to Asp are not very reliable because of the relatively small values of DDG U-F (E0.5 kcal/mol). Mutation to Asn at these positions had a larger effect on the equilibrium free energy of unfolding, and the F F -values of 0.72 (for Glu : Asn14) and 0.52 (for Glu : Asn15) are, therefore, a more reliable measure of the degree of structure formation at these sites.
A generally benign probe for solvent-exposed positions in a-helices is the comparison of Ala and Gly (''Ala : Gly scanning'', Matthews & Fersht, 1995) . The difference in stability of Ala versus Gly appears to depend solely on the solventaccessible surface area (Serrano et al., 1992b,c) . Application to the helix here gives data in good agreement with the other probes ( Table 6 ). The structure in the transition state becomes progressively weaker towards the C-cap, which itself is almost completely unstructured in the transition state. We see a gradation, though somewhat irregular, of F F along the helix. It is clear that the N-cap box (residues 12, 14 and 15) is one of the most ordered regions of the protein in the transition state for folding, with F F -values greater than 0.5.
b-Sheet
The structure of the b-sheet in the transition state of refolding for CI2 has been probed at six different sites, namely Thr3 (b-strand 1), Ile30 (b-strand 3), Val34 (b-strand 3), Ala58 (b-strand 5), Val60 (b-strand 6) and Val63 (b-strand 6). These residues were chosen because their side-chains interact primarily with other b-sheet residues in the native state. Since the mutation Ile : Val30 has only a very small effect on the equilibrium free energy of unfolding (it stabilises the protein by 0.08 kcal/ mol), it was not subjected to F-value analysis.
Mutations in b-strands 1, 5 and 6 (residues 3, 58, 60 and 63) show very low F F -values, indicating that these strands are not structured in the transition state. Indeed, these strands comprise the only part of CI2 where there is a very clear absence of native structure in the transition state. These residues constitute the N and C termini of the protein, and in the unfolded state they are likely to be very far apart. It is not surprising, therefore, that the coming together of the two separate ends of the protein constitutes a very late stage of the folding process. Further, the two C-terminal strands of the b-sheet of CI2 lack the completely regular hydrogen-bonding network of the canonical b-sheet. Water molecules form bridging hydrogen bonds between strands 4, 5 and 6, for example between the carbonyl oxygen atoms of Gln59 and Val60 and the amide nitrogen of Phe50 (McPhalen & James, 1987) . In contrast, strand 4 is hydrogen-bonded in a regular fashion to strand 3, to form a relatively long stretch of parallel b-sheet.
The mutation Thr : Val3 displays a F F -value of 0.52, which is considerably higher than those of the other two mutations made at position 3. However, when we combine the data we have at this site to construct the composite mutations Val : Ala3 and Ala : Gly3, we obtain low F F -values (0.07 and −0.19) similar to the mutations Thr : Ala3 and Thr : Gly3. The anomalous behaviour of the Thr : Val mutation may be a result of a hydrophilic/hydrophobic switch involved which introduces a complication in the interpretation of F F -values, since the possibility arises that the mutated site will be solvated in a manner different from that of the wild-type residue, leading to a different free energy of solvation. There is no general solution to this problem. It is apparent that more consistent results in terms of F F -values are achieved when we focus on mutations where hydrophobic groups are removed, e.g. Val : Ala3 and Thr : Ala3. This pattern is repeated at residues 34 and 60, where the mutations Val : Thr (and, in the case of residue 34, Thr : Ala) have F F -values which are significantly higher than those observed for mutations involving hydrophobic deletions. The C g1 and C g2 atoms of these residues are not completely buried and the solvation energies are again likely to contribute to the deviation in F F -values. Val63, on the other hand, is completely buried and F F for the mutation Val : Thr63 is in good agreement with those for the other mutations at this site. On the other hand, Ile30 has well-exposed C g1 and C g2 atoms, yet the Val : Thr30 mutation does not deviate from the other mutations at residue 30 in terms of F F -values. Obviously it is not straightforward to generalize the impact of ValtThr mutations on F F -value interpretation.
The central residues of b-strands 3 and 4 interact with the a-helix to form the major hydrophobic core of CI2. While the side-chain of Ile30 in b-strand 3 points away from the core and up towards the loop, it remains within 4.5 Å of the side-chain atoms of several core residues like Ile29 and Val47. Indeed, F F -values for mutations at this position are higher than those for mutations in strands 1, 5 and 6. Judging from the fine-structure analysis of the secondary mutant Ala : Gly30 (Table 6 ), the C b atom is less structured than the rest of the side-chain atoms, with a F F -value of 0.15.
Val34 at the very edge of b-strand 4 appears to be structured to a similar degree to Ile30 in the transition state: Val : Ala34 displays a F F -value of 0, but higher values, comparable to those at position 30, are obtained from unfolding studies and from a fine-structure analysis of the mutant Ala : Gly34 (Table 6 ).
Reactive site loop
The reactive site loop consists of ten residues between Gly35 and Ile44. This loop is very solvent-exposed, and mutations do not destabilize the protein to any great extent, except for that of Val38 whose side-chain takes part in tertiary interactions with Leu32 and Phe50 to form the hydrophobic minicore. Access of water to the site of mutation in conjunction with low values of DDG H 2 O U-F make F F -value analysis difficult. Thr36 has been subjected to extensive mutagenesis, but only Thr : Val36 is sufficiently destabilized to yield a reliable value of F F , of 0.19 (mutations Thr : Ser36 and Thr : Ala36 have insignificant effect on both DDG
and DDG H 2 O ‡-U ). However, the mutation involves a hydrophilic/hydrophobic switch, and the interpretation of this figure is subject to the same limitations as discussed in the case of the b-sheet mutants. The mutation removes the hydrogen bond between O g1 of Thr36 and the backbone O of Pro33, an interaction which does not appear to be very strong (our unpublished results). Thus, the hydrogen bond is hardly formed at all in the transition state of folding.
We have also performed a double-mutant cycle on the two residues Arg43 and Arg45. According to the crystal structure of pseudo-wild-type CI2, the two side-chains are aligned so that N H2 and N e of Arg43 can form hydrogen bonds with O d2 and O d1 , respectively, of Asp45. In addition, there is extensive packing interaction between the two residues. Yet the interaction energy between the two residues is very low (0.15 kcal/mol), and prevents us from calculating values of F int F with any precision. The values of F F for the individual mutants are low for Arg : Ala43 and Arg : Ala43/Asp : Ala45 (less than 0.1), but considerably higher for Asp : Ala43 alone (0.39). Presumably, this reflects interactions with other residues, namely Ile44, Glu26 or Arg46. The mutations Tyr : Gly42 and Tyr : Ala42 also have low value of F F (0.07).
Turns
Lys2 is not part of a turn, but its side-chain N z forms a hydrogen bond with O e2 of Glu7 (part of the type III turn between b-strand 1 and the a-helix). The interaction with Glu7 is very weak (0.07 kcal/mol) ( Table 7) , and so we cannot measure F int F . Thus, the free energy of refolding and unfolding for the double mutant Lys : Ala2/ Glu : Ala7 is simply the sum of two independent contributions from the mutations Lys : Ala2 and Glu : Ala7.
Lys2 is also close to the side-chain of Asp23, and this interaction is stronger, namely 0.58 kcal/mol, though no hydrogen bond is implicated in the pseudo-wild-type crystal structure. Asp23 appears to be involved in a non-native interaction during the transition state for the folding of CI2, since the mutant Asp : Ala23 folds considerably faster than wild-type, although the mutation destabilizes the protein overall by 0.96 kcal/mol. This non-native interaction probably involves Lys2, since the mutation Lys : Ala2 also refolds faster than wild-type, and has a value of F F of −0.19. Probing the interaction energy between Lys2 and Asp23 also gives a negative value of F int F (−0.17). The negative F F -values are reflected in both the folding and the unfolding data (except for Asp : Ala23). Interestingly, the mutant Lys : Met2, which retains the long non-polar side-chain but removes the polar hydrogen-bonding N z atom, has a value of F F of 0, indicating that any hydrogen bond involving Lys2 is completely absent in the transition state of refolding. Asp23 and Lys2 may be involved in a non-native interaction during refolding, which does not involve the hydrogen bond found in the native state. Glu7 by itself is fairly structured in the transition state, with a F F -value of 0.40, significantly larger than those for mutation of the surrounding residues Pro6 and Leu8 (Pro : Ala6 and Leu : Ala8 have F F -values of 0.07 and 0.15, respectively). This may reflect early interactions with Trp5 and Glu4.
The residues in the b-hairpin loop between strands 4 and 5, as probed by mutations of Asp52 and Asn56, are almost completely unstructured in the transition state for refolding. Such low values of F F were also observed in b-strands 5 and 6. Thus the C-terminal 13 residues from Asp52 to Gly64 only attain native structure after the transition state.
Interestingly, the mutant Asp : Asn52, whose equilibrium free energy of unfolding is identical to that of wild-type, refolds with a significantly lower rate constant than wild-type, giving DDG H 2 O ‡-U = 0.24(20.02) kcal/mol. At 4 M GdmCl, the unfolding rate constant is identical to wild-type (Table 2) ; however, since the value of m ku for Asn52 is slightly lower than the value for wild-type, Asn52 unfolds more slowly at higher values of GdmCl. Mutants with stability identical to wild-type may thus be affected differently during the folding pathway.
Similarly, Lys : Ala11 stabilizes CI2 by 0.42 kcal/mol, yet increases DG H 2 O ‡-U by 0.21 kcal/mol. This is the opposite effect to that seen for Lys2 and Asp23, where mutations destabilize the protein but increase folding. All other mutations that have little effect on DDG (Tables 1 to 3) . Table 7 . Ala : Gly scanning for the a-helix and b-sheet of CI2 
Discussion
Necessity and reliability of the protein engineering procedure
There are no stable intermediates that can be detected on the folding pathway of CI2 and so the only structure to be analysed is the transition state †. The only way of analysing transition states experimentally is by kinetics; and the only procedure for extracting structural information at the level of individual residues in the transition state is the use of kinetic measurements on mutants. There is thus currently only one procedure available for the experimental study of structural events on the folding pathway of CI2: the protein engineering method. The structure of the transition state for the folding and unfolding of CI2 has been so mapped by comparing the kinetics and equilibria of folding of a large number of mutants. There is satisfying agreement between the values of F F measured directly from folding kinetics in water and F F calculated from 1 − F U measured from unfolding kinetics in GdmCl solutions and those values extrapolated to water. This shows that the structure of the transition state is the same when measured in the directions of unfolding and refolding. Multiple mutations at the same site, mutations in contiguous regions, and the use of more advanced procedures such as double mutant cycles and the comparison of Ala and Gly (Ala : Gly scanning) at the same positions as the single mutations also give highly consistent data. We are confident, therefore, that the results of the F-value analysis are not artifactual but are satisfactorily probing the energetic changes and, by inference, the structural properties of the transition state. A further facet of F-value analysis is that it provides measurements of changes in energy that can be used to compare experiment with theory. The combined data are summarised in Table 8 . It is worth emphasizing that the values of F F are measured directly from reforming rate constants in water and do not require extrapolation from measurements in the presence of denaturants.
Gross nature of the transition state of folding and unfolding
Although values of F F of 0 and 1 correspond to completely denatured and completely folded structures, respectively, there is not, in general, a linear relationship between a fractional value of F and the extent of formation of non-covalent bonds. There should, however, be an approximately linear relationship for the special case of the mutation of larger hydrophobic side-chains to smaller ones (Matouschek et al., 1989 (Matouschek et al., , 1990 Fersht et al., 1992) . Many of the mutations in this study are of that type so F in those cases is a good indication of the extent of structure formation. Fractional F-values may result from genuinely weakened interactions or the reaction proceeding by parallel pathways, some of which have the element of structure tested by the Fvalue fully formed and others fully unfolded (or a mixture of the different processes), as discussed by . A test has been devised to distinguish between the two mechanisms which, when applied to the folding of CI2, indicated genuine weakened interactions .
The structure of the transition state is, to a first approximation, a relatively uniformly expanded form of the folded structure. This may be illustrated by a classical linear free energy plot: a plot of DDG ‡-F versus DDG U-F (Figure 3 ) is approximately linear, with slope 0.7. This is equivalent to a mean value of F U of 0.7 or F F = 0.3. This means that, on average, 70% of the free energy of the interactions is lost on reaching the transition state for unfolding from the folded state. This relatively uniform behaviour may be contrasted with that of the transition state for the unfolding of barnase: the plot of DDG ‡-F versus DDG U-F (Figure 3) is scattered but has a set of points clustering around the line of slope 1, i.e. regions that are completely unfolded (F U = 1); another set around the line of slope 0, i.e. regions that are full-folded (F U = 0); and others values in between. The mean value of F U is similar, however, at 0.69.
The 70% loss of energy on going from the folded state of CI2 to the transition state may be compared with a increase of 40% in the average degree of exposure (calculated from m ‡-F /m U-F ), and an increase of 25% in DC P (Jackson & Fersht, 1991b) , which is usually taken as a measure of the change in the surface exposure of hydrophobic residues.
Local variations in formation of structure
The a-helix shows a gradation of structure along its length with the N-cap >50% formed in terms of energy, and the C-cap almost completely unstructured. Thus, formation of the a-helix is on-going throughout the folding reaction and starts from the N-cap. The structure of the a-helix in the transition state may be a looser form of that in the folded protein, with the tertiary interactions that are likely to stabilize this secondary structure in the folded protein by packing against the b-sheet to form the core similarly weakened (see section on the hydrophobic core). A plot (not shown) of DDG ‡-F versus DDG U-F for the helical residues is quite linear, however, with slope 0.65(20.08), correlation coefficient 0.87, indicating that the helix, when judged as a whole, is in the process of being formed during the transition state. † The transition state for protein folding has characteristics similar to those in simple chemistry. Probing the energy surfaces of protein folding transition states by structure-reactivity relationships of physical-organic chemistry reveals behaviour consistent with their being at a saddle point (Matouschek & Fersht, 1993; Matthews & Fersht, 1995; Matouschek et al., 1995) . points into centre of core. Side-chain atoms contact Trp5, Leu8, Ile20, Val47, Arg48, Leu49, Ile57, Glu59 and Arg62, all in the core except Arg48, Glu59 and Arg62. Pro : Ala mutation removes contact with b-strands 4 and 5 Table 8 . Table 8 . (1987) . In this study, accessible surface area of each amino acid residue was calculated for residue X in in a Gly-X-Gly tripeptide, with the main-chain in an extended conformation (Miller et al., 1987) .
a
Values of FF are measured from refolding rate constants that are directly measured in water.
b From Jackson et al. (1993b) . 3. It is evident that the folding process shows no clear differentiation between core residues and non-core residues in the b-strands 3 and 4. Rather, the data give excellent support to the model that the main body of CI2 folds as a single co-operative unit, with secondary and tertiary interactions forming concomitantly with few exceptions, namely at residues 49 and 16. Strands 1, 5 and 6 appear to be completely unfolded in the transition state. Despite the formation of the b-sheet requiring that residues far apart in sequence (at opposite ends of the molecule) be brought in close proximity, their alignment is not part of the rate-limiting step of the folding process, and once again demonstrates that formation of intact secondary structure is not a prerequisite for further rearrangements in folding.
The three-residue hydrophobic patch in the reactive site loop, which we call the minicore, has been thoroughly examined by double mutant cycles. All the kinetic data converge to suggest that the minicore is ca 20 to 40% structured in the transition state relative to the folded state. Further, it is formed along a single folding pathway, rather than parallel pathways ). This conclusion is reached both by mutation of individual residues, double mutant cycle analysis and fine-structure analysis.
Relationship to structures of peptide fragments of CI2
In studies elsewhere, the structures of peptides corresponding to the progressive elongation of CI2 from its N terminus have been analysed unpublished work, this laboratory) . The native secondary structural elements develop fully only in parallel with the formation of tertiary interactions . Fragment (1 to 50) is not compact and requires elongation to (1 to 53) before compact structure can be detected. The helix does not form significantly until the protein is nearly intact, and even the fragment 1 to 60, which lacks only the last four residues, has fluctuating structure and some non-native interactions (Prat . Small fragments which include the residues corresponding to the a-helix of the intact protein have been shown to have negligible structure in water, and in the helix-promoting solvent trifluoroethanol, only nascent helix is formed . Titration of the formation of nascent helix with trifluoroethanol and extrapolation to 0 M trifluoroethanol does suggest, however, that the nascent helix is present to the order of 03% in water. Further, the transition state for the association of two complementary fragments of CI2 (fragment 1 to 40 and fragment 41 to 64), analysed using the protein engineering method (Prat Gay et al., 1994; Ruiz-Sanz et al., 1995) , is remarkably similar in structure to the transition state for folding of the intact protein. Therefore, the co-operative folded structure is assembled only as The degree of formation of structure is very low in the b-sheet. F-Value analysis allows us to monitor formation of interactions of side-chains, and is, therefore, not a direct measure of the extent of secondary structure formation, which rather depends on backbone-backbone hydrogen-bonding. However, secondary structure formation is a prerequisite for the side-chains to be able to establish contacts within the b-sheet. The sidechains of the residues probed in the b-sheet, namely Thr3, Ile30, Val34, Ala58, Val60 and Val63, all interact primarily with other b-sheet side-chains. Their structure in the transition state thus reports on the overall b-sheet structure.
In b-strand 3, there is a similar extent of formation of structure in the transition state for positions 34 and 30. We observe similar values at position 29, at the edge of the core. In strand 4, F F -values at position 43 (end of reactive site loop), 47 (edge of core), 50 (minicore) and 51 (edge of core) are close in magnitude to each other and to those in strand the two fragments associate. The overwhelming conclusion that can be drawn from the study of fragments of CI2 is that isolated sequences of this protein cannot form significant fractions of nativelike structure independently and, therefore, that tertiary interactions in this small protein are both crucial for the native fold and to the transition state for its formation. (See Creighton (1995) for an analysis of these phenomena in terms of co-operativity of interactions.)
Relationship to theoretical models: nucleation-condensation
The structure of the transition state for the folding of intact protein and the structures of fragments support a folding pathway for CI2 in which there is no early, independent, formation of native-like secondary structure. Rather, folding of CI2 is a very concerted reaction; secondary and tertiary structure are formed concomitantly and are consolidated throughout the folding reaction. These observations do not fit to a simple framework model in which extensively formed elements of structure are formed early and then coalesce, or even to any model that requires a pre-formed initiation site.
Based on the observation that the co-operativity of multiple interactions is required to stabilize both the native structure and the transition state for its formation, we and Creighton (1995) envisage the folding of CI2 to proceed qualitatively, as follows, in general terms. There is rapid random searching of conformations in the unfolded state of the protein under conditions that favour folding until sufficient tertiary interactions are made that stabilize certain elements of secondary structure. When sufficient interactions are made, the transition state is reached and there follows the rapid formation of the final structure.
Nucleation-condensation
Our data fit an even more specific model, which we term nucleation-condensation. This involves a nucleus that consists primarily of adjacent residues. The nucleus does not form stable structure without assistance from interactions made with residues that are distant in sequence. Formation of the small nucleus cannot be solely rate determining since a significant fraction of the overall structure must be in the approximately correct conformation to provide the long-range contacts to stabilize the nucleus. In CI2, for example, the a-helix has a very weak tendency to be formed in a nascent manner, driven by local interactions. The helix remains embryonic until sufficient long range interactions are built up that it becomes stable. The rest of the protein then condenses around the helix and the other native interactions that are developed during the stabilization of the helix. The onset of stability as the multiple interactions are made is so rapid that the helix is still in the process of being consolidated as the transition state is reached. Thus, formation of the nucleus is coupled with more general formation of structure and so nucleation is just part of the rate determining step. The coupling of nucleation and condensation leads to a relatively compact transition state. The whole of the molecule is thus involved in forming the transition state, the nucleus is simply the best formed part of the structure in the transition state.
This nucleation-condensation mechanism has certain characteristics. First, is that the nucleation site does not need to be extensively preformed in the denatured state. A theoretical analysis of the optimization of the rates of protein folding suggests that the less it is formed in the denatured state, the better (Fersht, 1995b) . It may or may not be detectable in isolated peptides, but it is only essential that it is extensively formed in the transition state. Further, it need not be formed completely in the transition state but, because of the onrush of co-operative interactions that stabilize it, it may be in the process of being formed in the transition state. Second, although much of the structure is from local, contiguous residues, there are important stabilizing contributions from long range interactions, i.e. from contacts with residues that are far removed in sequence. Abkevich et al. (1994) have performed Monte Carlo simulations of the folding of a 36-mer ''protein'' on a lattice. They observed in their simulations the formation of a specific nucleus of interactions whose formation constituted the ''transition state'' of the reaction and precipitated subsequent rapid folding, and the ''protein'' was found to fold via a nucleation growth mechanism †. Further, without prior knowledge of our experimental data, E. Shakhnovich and co-workers (E. Shakhnovich, personal communication) have † A referee has pointed out that the nucleation-growth mechanism of Abkevich et al. (1994) is for the formation of a molten globule and not native protein. However, those authors now believe their proposal is more general and have given us permission to quote: ''In the original paper (Abkevich et al., 1994) it was suggested that the observed nucleation mechanism applies to formation of the ''native-like'' Molten Globule with the native backbone conformation already formed but with rotating side-chains. This assertion was based on the hypothesis that the rate-limiting step in folding is associated with tight-packing of side-chains while backbone conformation is already close to native. The existing experimental data do not support this hypothesis. Rather they suggest that the rate-limiting step is the formation of the backbone fold, probably with simultaneous packing of side-chains. In this case, the nucleation mechanism of the formation of backbone fold found in lattice models applies to the whole process of folding. This is especially clear in the case when folding is kinetically two-state, as in the case of CI2'' (E. Shakhnovich, personal communication). predicted that Ala16 is a key residue in nucleation (Figure 4 ). The overall agreement between simulation and experiment is so encouraging that experiment and theory could well combine to give a satisfactory computer model for folding.
It is now common practice to search for initiation sites in the folding of proteins by searching for structure in isolated peptides by experiment or computation (Hirst & Brooks, 1995) . The results of the experiments on CI2 and the lattice simulations suggest that this may be an inconclusive process since the nucleation sites do not necessarily emerge until the transition state is reached. Further, even if significant structure is found, it does not mean that it is a nucleation site or that it is formed at the earliest stages of folding.
Concerted versus stepwise folding mechanisms in general
Barnase is larger than CI2, comprising separate modules (Yanagawa et al., 1993) , and folds via a distinct folding intermediate in which the regions containing the major a-helix and b-sheet are reasonably well formed and connected by a loose and weak hydrophobic core (Fersht, 1993) . In the absence of each other, i.e. in peptide fragments, the structures are formed only weakly under folding conditions (Kippen et al., 1994a) and have only very weak structure under denaturing conditions (Kippen et al., 1994b) . Further, destabilizing mutations in the helix cause it to be less folded in the intermediate and the subsequent transition state for folding, and the extent of formation of the overall Figure 5 . A unified scheme for the initiation of folding in CI2 and barnase, extending the mechanism presented by Otzen et al. (1994) using the additional data and analysis in this study. The ''partly-collapsed'' state is the ''unfolded'' state under conditions that favour folding. CI2, which folds as a single co-operative unit, folds in one step, which is the nucleation-condensation process. The folding of barnase is consistent with the formation of a folding intermediate by nucleation steps and then the structure consolidating in the rate determining step. Although the folding of barnase is drawn as stepwise, the nucleationcondensation and docking-consolidation processes do tend to merge under certain conditions (M. Oliveberg, P. Dalby and A.R.F., unpublished).
structure is coupled to the stability of the helix (Matthews & Fersht, 1995) . This shows that the folding intermediate of barnase is also formed in a concerted manner. Thus barnase fits also a nucleation-condensation folding mechanism (Figure 5) . We suggest that the folding of CI2 is a model for the folding of modules in larger proteins.
Whether or not folding is a concerted or stepwise process depends on the stability of individual substructures of the protein when they are considered in isolation or loosely complexed with each other. For example, since the a-helix and b-sheet of CI2 are unstable in the absence of the rest of the protein, they are formed in a concerted manner. If they were stable, then the protein could form by a framework or collision/diffusion model. The same is true for individual modules within a protein. If a module is stable in the absence of the other modules, then it could form independently. The more the individual structures are stable, the more stepwise and hierarchical the folding process. We thus speculate that small proteins tend to fold by nucleation-condensation mechanisms but larger proteins will have a tendency to form in their later stages by a hierarchical assembly of smaller units, but the folding of the small units will tend to be nucleation-condensation processes ( Figure 5 ).
Materials and Methods
Materials
All chemicals are as described in previous papers (Jackson & Fersht, 1991a; Jackson et al., 1993a) . Mutagenesis, expression and purification of the wildtype and mutant proteins are as described previously (Jackson et al., 1993a) . The buffer used in the equilibrium and kinetic folding experiments was 2-(N-morpholino)ethanesulfonic acid (Mes) purchased from Sigma. A 1 M stock solution of Mes (pH 6.25) contained 415 mM of the free acid and 585 mM of the sodium salt. 16 novel mutant proteins are presented in this paper: Lys : Met2, Lys : Ala2, Glu : Ala7, LysA : Ala2/Glu : Ala7, Lys : Ala2/Asp : Ala23, Ala : Gly16, Asp : Ala23, Thr : Ala36, Tyr : Ala42, Tyr : Gly42, Arg : Ala43, Asp : Ala45, Arg : Ala43/Asp : Ala45, Asp : Ala52, Asp : Asn52, Pro : Ala61.
GdmCl equilibrium denaturation experiments
The intrinsic fluorescence of CI2 increases on denaturation, allowing unfolding and refolding to be monitored by fluorescence spectroscopy. The maximal change in fluorescence upon denaturation is obtained with an excitation wavelength of 280 nm and an emission wavelength of 356 nm. All experiments were performed at 25°C.
A Perkin Elmer LS5B luminescence spectrometer was used for the GdmCl equilibrium denaturation experiments, with a bandpass of 10 nm. The GdmCl solutions were prepared using a Hamilton Microlab M robot by aliquoting appropriate volumes of a solution of 7.5 M GdmCl containing 50 mM Mes (pH 6.25) and a solution of 50 mM Mes (pH 6.25). For each data point in the denaturation experiment, 100 ml of CI2 stock solution in 50 mM Mes (pH 6.25) were diluted into 800 ml of the appropriate denaturant concentration, using a SMI positive displacement pipetter. Final concentrations were 2.5 mM CI2 and 50 mM Mes (pH 6.25); final concentrations of GdmCl were 0 M to 5.5 M, in 0.1 M or 0.2 M increments. The protein-denaturant solutions were equilibrated at 25°C for approximately one hour before measuring their fluorescence. Many experiments were repeated with GdmCl solutions that had been prepared in the conventional manner by weighing the appropriate amount for each individual concentration into a volumetric flask. Identical results were obtained.
Kinetic unfolding experiments
Reactions were followed with a Perkin-Elmer MPF-44B fluorescence spectrophotometer equipped with a rapid mixing head. The mixing device contained a T-jet mixing chamber followed by a 30 ms delay loop ensuring complete mixing of the solutions before observation. A Hellma flow-through cell (10 mm × 3 mm × 3 mm) was used. The solutions were driven through the mixing chamber manually from two Hamilton syringes resulting in a mixing ratio of 1:10. The observation cell and reservoir syringes were thermostatted separately using two water baths and the temperature of each was monitored using an Edale Instrument Thermometer and maintained to 20.1 deg.C. Data were acquired with a Tandon Target Microcomputer, a DT2801 Data Translation board and the Bio-kine data acquisition software package (Bio-logic), and analysed using the programme Kaleidagraph (Abelbeck Software). Unfolding was initiated by rapidly diluting one volume of the protein solution (approximately 20 mM) in 50 mM Mes (pH 6.25) with ten volumes of concentrated GdmCl solution (containing 50 mM Mes, pH 6.25). This resulted in final GdmCl concentrations of between 3 and 7 M. The lowest denaturant concentration was chosen to result in at least 98% unfolded protein. An excitation wavelength of 280 nm and an emission wavelength of 356 nm were used. Excitation and emission slit bandwidths of 10 nm were used.
Kinetic refolding experiments
Refolding reactions above 0.5 M GdmCl were monitored using the same apparatus set-up as for unfolding experiments. Refolding was initiated by rapid 1:11 dilution of unfolded protein (approximately 20 mM) in 6.5 M GdmCl and 50 mM Mes (pH 6.25) into different concentrations of GdmCl solution in 50 mM Mes (pH 6.2). For lower final concentrations of GdmCl, an Applied Photophysics Stopped-Flow Spectrophotometer Model SF 17MV was used. The temperature of the cell and reservoir syringes was maintained by thermostatting with a Grant LTD6 water bath. Temperatures were maintained to 20.1 deg.C based on an internal temperature probe in the stopped flow apparatus which had previously been calibrated against an Edale Instrument Thermometer. Protein was denatured for these studies by addition of HCl to a concentration of 20 mM (pH 1.7). Refolding was initiated by rapid mixing of one volume of the protein with one volume of 100 mM Mes (pH 6.65) (consisting of 21.5 mM of the free acid and 78.5 mM of the sodium salt). The final pH of the solution was pH 6.25, 50 mM Mes, and the final protein concentration was approximately 10 mM. Refolding was performed in the absence and in the presence of low concentrations (up to 0.6 M, with 0.1 M increments) of GdmCl. An excitation wavelength of 280 nm was used, and slit bandwith of 2 nm. A glass cut-off filter was used to allow emission above 315 nm to be monitored. Refolding rates obtained from the two different sets of refolding experiments were identical within error when unfolded protein was refolded into GdmCl concentrations that could be monitored by both the Perkin-Elmer MPF-44B fluorescence spectrophotometer and the Applied Photophysics Stopped-Flow Spectrophotometer.
